Abstract -Obtaining the parameters for PID controllers based on limit cycle information for the process in a relay controlled feedback loop has become an accepted practical procedure. If the form of the plant transfer function is known, exact expressions for the limit cycle frequency and amplitude can be derived so that their measurements, assumed error free, can be used to calculate the true parameter value. In the literature, parameter estimation for an assumed form of the plant transfer function has generally been considered for disturbance free cases, except a recently published work of the author. In this paper additional simulation results are reported on exact parameter estimation from relay autotuning under static load disturbances.
Introduction
Using relay feedback control for parameter estimation of an assumed form of plant transfer function has become an accepted practical procedure. For literature on relay feedback identification, interested readers can refer to [1] and literature in there.
In the past studies, it is generally assumed that there are no load disturbances into the relay feedback control system during parameter estimation procedure. However, load disturbances are quite frequently encountered in practical situations. Therefore, use of the expressions obtained for load disturbance free situations may lead to significant errors in the estimates under static load disturbances. Kaya [1] gave the conditions for a limit cycle to occur in a relay feedback control under static load disturbances and showed that the expressions obtained from the A-Function Method [2] for disturbance free cases can simply be improved by the inclusion of the term dG(0) so that they can be used for parameter estimation under static load disturbances. There, the expressions for a specific case of the stable first order plus dead time (FOPDT) transfer function were given. Later, Kaya and Atherton [3] provided expressions for unstable FOPDT transfer function too. Expressions for stable and unstable second order plus dead time (SOPDT) transfer functions were also given. However, the effect of disturbances on parameter estimations was not investigated.
The aim of this paper is twofold: First, a simpler approach for estimating the plant transfer function gain and disturbance magnitude is given. Second, simulation examples are provided to illustrate that if the disturbance exists during parameter estimation procedure and the effect of static load disturbance is not considered in the expressions then large errors in estimates must be expected.
Parameter Estimation under Static Load Disturbances
Consider the relay feedback control system under static load disturbances given in Fig. 1 [1] suggested two approaches for this purpose. In the first approach, it was assumed that K can be obtained from measurements on the relay and plant outputs in conjunction with Fourier analysis, before the disturbance enters the system. Then, d was found from Fourier analysis; as the steady-state occurs with the disturbance exists. This approach may not be practical. In the second approach, the result from [4] was adopted to find d, where an extra relay test with equal heights was performed. Then, Fourier analysis under steady-state operation was used to estimate K. Clearly, the disadvantage of this approach is to require a second relay test, which is time consuming.
Here, it is assumed that the steady-state gain can be calculated from
where ( ) c t and ( ) y t ′ are the plant output and input, respectively, and P is the period of the limit cycle.
Once steady-state operation occurs, the disturbance magnitude can be calculated from
Therefore, with K and d found, respectively, from eqns. (5) and (6), the expressions and procedure provided in [3] can be used to identify the remaining parameters of any plant transfer functions given in eqns. (1)-(4). For convenience, expressions to be used in parameter estimations are given in the appendix. Interested readers can refer to [1] to see the procedure for obtaining these equations.
Simulation Examples
In the first example, for different static-load disturbance magnitudes, the parameters of the FOPDT plant transfer function are computed using the expressions which is, respectively, not taking the effect of load disturbance into account [1] and taking the effect of load disturbance into account [3] . Hence, it is shown that large errors in the estimates are resulted when the effect of load disturbance is not considered in the expressions. In the second example, high order stable and unstable plant transfer functions under static load disturbances are modeled by the stable FODPT or SOPDT and unstable FOPDT or SOPDT to show that the models obtained are satisfactory in the sense of controller design in most cases. /(30s +1) with the normalized dead time ratio L /T = 0.33. For different load disturbance magnitudes, relay heights and hysteresis values, relay feedback tests were carried out. Table 1 lists measured limit cycle parameters and estimated parameters when the expressions given in [1] which do not take the effect of load disturbance into consideration, are used.
Several conclusions can be derived from Table 1 . First, as the disturbance magnitudes gets larger the error in the estimates gets larger too, which is expected. Second, increasing the bias in the relay increases the error in the estimates. Third, using a relay with hysteresis always results in slightly less accurate estimations for the time delay. This holds also for the time delay estimates when the bias in the relay is relatively small. However, when the bias in the relay is increased, a relay with hysteresis gives slightly better estimates for the time delay. In the table, exact solutions are obtained for the gain K for all cases, as eqn. (5) given in this paper is used for the identification. Of course, using the expressions given in [3], which are provided in the appendix, in conjunction with eqns. (5) and (6) resulted in exact solutions to three significant for all cases. It should also be noted that the disturbance magnitude d was estimated from eqn. (6) exactly to three significant to use in estimations. Now consider an FOPDT plant transfer function of e -5s /(30s +1) with the normalized dead time ratio L /T = 0.167. Similar results as in the previous case are listed in Table 2 . Conclusions drawn from Table 1 are confirmed. However, comparing the estimates in the parameters for two cases, namely L /T = 0.333 and L /T = 0.167, it is observed that results are now slightly worse than the previous case. When the expressions considering the effect of load disturbances given in [3], also provided in the appendix, are used, again exact solutions to three significant are obtained.
Example 2:
In this example several typical process transfer functions are considered to show the effectiveness of the method in modelling higher order process transfer functions for controller design. Table 3 lists some typical process transfer functions, the measured limit cycle parameters and the corresponding models found using a FOPDT or SOPDT model. Relay parameters used for stable processes were h 1 =1, h 2 = -0.8 and 0.2 Δ = . For processes with complex and unstable poles, case c and d, the relay parameters were selected as h 1 =1, h 2 = -1 and 0 Δ = . The disturbance magnitude in the simulation was put at d = 0.1 and it was estimated exactly to three significant, using eqn. 
Conclusion
The paper has given a simple procedure for finding the plant transfer function gain and disturbance magnitude to be used in conjunction with expressions obtained by the author's previous works to help estimating unknown parameters of the stable and unstable FOPDT and SOPDT plant transfer functions. Simulation examples are provided to show the effect of static load disturbances on estimations. It is illustrated by examples that large errors can be expected if the effect of static load disturbances is not considered in the expressions.
Appendix:
The expressions used to estimate the unknown parameters of stable/unstable FOPDT/SOPDT plant transfer functions using relay feedback control when static load disturbances exist are provided here for convenience. In the expressions, A.1 Identification for stable FOPDT: 
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